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The initiation and coordination of activity in limb
muscles are the main functions of neural circuits
that control locomotion. Commissural neurons con-
nect locomotor circuits on the two sides of the spinal
cord, and represent the known neural substrate for
left-right coordination. Here we demonstrate that
a group of ipsilateral interneurons, V2a interneurons,
plays an essential role in the control of left-right alter-
nation. In the absence of V2a interneurons, the spinal
cord fails to exhibit consistent left–right alternation.
Locomotor burst activity shows increased variability,
but flexor-extensor coordination is unaffected. Ana-
tomical tracing studies reveal a direct excitatory
input of V2a interneurons onto commissural inter-
neurons, including a set of molecularly defined V0
neurons that drive left-right alternation. Our findings
imply that the neural substrate for left-right coordina-
tion consists of at least two components; commis-
sural neurons and a class of ipsilateral interneurons
that activate commissural pathways.
INTRODUCTION
The spinal cord contains neuronal networks termed central pat-
tern generators (CPGs) that drive rhythmic locomotor behaviors.
Many principles of CPG organization have been revealed for
neural circuits that control swimming in Xenopus tadpole and
lamprey (Buchanan, 2001; Grillner, 2003; Roberts et al., 1998).
These CPG networks comprise ipsilaterally projecting excitatory
glutamatergic neurons (iEINs) and commissurally projecting in-
hibitory glycinergic interneurons (CINs). iEINs are thought to be
the source of rhythm-generating excitatory drive to CINs and
motor neurons (MNs) (Cangiano and Grillner, 2003; Grillner,
2003), whereas CINs mediate left-right alternation of motor
bursting across the spinal cord (Grillner, 2003). In limbed ani-
mals, the CPG for walking generates rhythm, as well as left-right70 Neuron 60, 70–83, October 9, 2008 ª2008 Elsevier Inc.and flexor and extensor coordination (Kiehn, 2006). Pharmaco-
logical and lesion studies have suggested that mammalian iEINs
play a critical role in the generation of the locomotor rhythm
(Bonnot et al., 2002; Bracci et al., 1996; Kiehn et al., 2008; Kjaer-
ulff and Kiehn, 1996; Kremer and Lev-Tov, 1997; Kudo and
Yamada, 1987) and that left-right coordination depends on excit-
atory and inhibitory commissural interneurons (Jankowska,
2008; Kiehn, 2006; Quinlan and Kiehn, 2007). How these
rhythm-generating and commissural systems interact to pro-
duce coordinated locomotor behavior in mammals remains
poorly understood.
Model systems in which genetic manipulations are feasible
offer an opportunity to explore the functions of defined classes
of iEINs and CINs and their physiological interactions (Kiehn,
2006). In mice, many iEINs express the axon guidance receptor
EphA4, and some of these neurons are rhythmically active (Butt
et al., 2005; Kiehn, 2006; Kullander et al., 2003). Moreover, some
EphA4+ interneurons provide excitatory input to MNs, suggest-
ing their involvement inmotor drive. A second population of iEINs
can be marked by the expression of the homeodomain protein
Hb9 (Hinckley et al., 2005b; Hinckley and Ziskind-Conhaim,
2006; Wilson et al., 2005, 2007). These neurons are rhythmically
active and exhibit membrane properties that sustain rhythmic
activity (Wilson et al., 2005), although their functional role in loco-
motor networks has not been resolved. V2a interneurons consti-
tute a third set of ventral iEINs (Al-Mosawie et al., 2007; Lundfald
et al., 2007; Peng et al., 2007). V2a interneurons can be defined
by expression of the homeodomain proteins Chx10 and Sox14,
and are excitatory, as revealed by expression of the glutamate
transporter protein vGlut2 (Al-Mosawie et al., 2007; Hargrave
et al., 2000; Lundfald et al., 2007; Peng et al., 2007). In the zebra-
fish spinal cord, iEINs that express the alx gene (a homolog of
mammalian Chx10) have been implicated in swimming behavior
(Kimura et al., 2006; McLean et al., 2007). Commissural neurons
identified by the use of molecular markers include V0 and V3 in-
terneurons that originate from classes of progenitor cells that ex-
press Dbx1 and Nkx2.2/Sim1, respectively (Goulding and Pfaff,
2005; Jessell, 2000; Moran-Rivard et al., 2001; Pierani et al.,
2001; Zhang et al., 2008, this issue of Neuron). A subset of
Dbx1 neurons is marked by expression of Evx1/2, and null
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V2a Neurons Help Maintain Left-Right Coordinationmutation in theDbx1 gene prevents the differentiation of V0 inter-
neurons (Pierani et al., 2001) causing the spinal cord to exhibit
abnormal alternation in left-right motor activity (Lanuza et al.,
2004). The existence of multiple classes of iEINS and CINs in
the mammalian spinal cord suggests that the generation of loco-
motor rhythm and left-right coordination are regulated by distinct
microcircuits.
The anatomical characteristics of V2a neurons, together with
the proposed role of ipsilaterally projecting glutamatergic neu-
rons in rhythmgeneration, prompted us to assess their functional
role in locomotor behavior. We used mouse genetics to ablate
V2a neurons and map their connectivity and function. In the
absence of V2a neurons, we observe a marked disruption of
left-right coordination, whereas flexor-extensor alternation is
preserved. Locomotor rhythm is also more variable in frequency
and amplitude, and the ability to initiate locomotion by sensory
afferent and brainstem stimulation is impaired. Anatomical anal-
yses reveal that V2a neurons form contacts with CINs, including
V0 neurons. Together, our findings reveal that V2a interneurons,
through their connections with CINs, constitute an important
component of the neural networks responsible for left-right coor-
dination and the stabilization of locomotor rhythm in the mam-
malian spinal cord.
RESULTS
Selective Ablation of V2a Interneurons
To test the function of V2a interneurons in locomotor network ac-
tivity, we devised a genetic strategy to ablate Chx10-expressing
neurons. Homologous recombination in embryonic stem cells
(ESCs) was used to target themouseChx10 locus with a Cre-ac-
tivated attenuated Diphtheria Toxin A-chain (DTA) protein (see
Figures 1A and 1B). Two ESC clones with targeted chx10::
LNL::DTA alleles were injected into blastocysts to generate chi-
meras. Germline transmission was obtained by mating chimeras
to C57BL/6 females.
Mice carrying the chx10::LNL::DTA allele were viable, fertile,
and indistinguishable from wild-type littermates (data not
shown). To create mice in which DTA is expressed in Chx10 neu-
rons, chx10::LNL::DTA mice were crossed to protamine::Cre
transgenic mice in which Cre is expressed in male germline
(O’Gorman et al., 1997; Figure 1C). When chx10::LNL::DTA; pro-
tamine::Cre males were bred to wild-type females, approxi-
mately half of the resulting progeny received a copy of the
recombined chx10-DTA allele (Figure 1B) and are referred to
as Chx10-DTA mice. In a C57BL/6 genetic background,
Chx10-DTA mice die within 24 hr of birth, likely due to a respira-
tory defect (S.A.C., S.D., J.-C.Viemari, A. Mrejeru, J.-M. Ram-
irez, and K.S., unpublished data). Less than 2% of progeny con-
tained a nonrecombined chx10::LNL::DTA allele. The remaining
progeny contained two wild-type copies of the chx10 gene
and, for convenience, are referred to as wild-type littermates.
We first assessed the efficacy and selectivity of DTA-mediated
ablation of V2a neurons. Chx10+ V2a interneurons and GATA3+
V2b interneurons are generated between embryonic (E) days
10.5 and 13.5 (Peng et al., 2007). By E13.5, interneurons and
MNs can be identified using a panel of transcriptional markers:
Evx1/2 marks V0 interneurons; En1, V1 interneurons; Chx10and Sox14, V2a interneurons; GATA2/3, V2b interneurons;
Sim1, V3 interneurons, and Hb9, MNs (Figures 1D–1I). In E13.5
Chx10-DTA embryos, the number of Chx10+ neurons was re-
duced by4-fold and themedial location of the residual neurons
suggests they have been generated only recently (Figure 1F1).
We detected no change in the number or location of V0, V1,
V2b, V3, or MNs (Figures 1D1, E1, F1, G1, I1, H1, and J. Thus
V2a neurons are selectively ablated in Chx10-DTA mice, with
no obvious change in the production of other ventral interneu-
rons. To determine when Chx10+ neurons are ablated, we per-
formed neuronal counts in embryonic and postnatal mice
(Figure 1K). At E11.5, the spinal cord of Chx10-DTA mice con-
tained 57%of the normal number of Chx10 neurons, but by post-
natal day 0 (P0) Chx10 neurons were no longer detected. Thus,
Chx10-driven expression of DTA reliably and selectively ablates
V2a neurons during embryonic stages.
The majority of V2a neurons express the excitatory vescicular
transporter vGlut2 (Lundfald et al., 2007), prompting us to exam-
ine how the ablation of V2a interneurons affects the overall num-
ber of excitatory interneurons in the ventral spinal cord. We
focused our attention on laminae VII, VIII and X, the presumed
location of the core CPG (Kiehn and Kjaerulff, 1998). Within the
entire cohort of ventral vGlut2+ neurons, approximately 30%
coexpressed Chx10 (Figures 1L–1N), while few coexpressed
GATA3 (Figure 1O). In Chx10-DTA mice examined at P0 the total
number of ventral vGlut2+ neurons was reduced by30%, com-
pared to wild-type controls (Figures 1L–1N). Thus, expression of
DTA selectively ablates the V2a class of excitatory interneurons.
Ablation of V2a Neurons Increases Variability
in Locomotor Speed and Amplitude
To assess the impact of the loss of V2a interneurons on motor
output, we induced locomotor-like activity in thoraco-lumbar
(Th10/11–L6) segments of spinal cord isolated from P0–P1
Chx10-DTA mice and compared the resulting motor patterns
with that of their wild-type littermates. Ventral root recordings
were made from lumbar 2 (L2) and lumbar 5 (L5) ventral roots
on the left (lL2, lL5) and right sides (rL2, rL5; Figure 2A). We ex-
amined the initiation and maintenance of drug-induced locomo-
tion, as well as the modulation of locomotor speed and ampli-
tude.
In the presence of a rhythmogenic drug cocktail (N-methyl-D-
aspartate [NMDA] and serotonin [5-HT], and DA as indicated),
spinal cords isolated from Chx10-DTAmice exhibited prolonged
rhythmic activity similar to that observed in wild-type littermates
(Figure 2B). The duration of tonic ventral root activity preceding
the initiation of rhythmic locomotor activity was similar in
Chx10-DTA mice (mean 2.05 min, SD 1.23 min in 7/7 mM 5-HT/
NMDA, n = 9) and wild-type littermates (mean 1.95 min, SD
0.84 min in 7/7 mM 5-HT/NMDA, n = 7). Locomotor cycle period
(P, Figure 2C) and normalized burst amplitude (A/B*100,
Figure 2C) were analyzed in Chx10-DTA mice and wild-type lit-
termates at matched concentrations of NMDA and 5-HT, 6 min
after the initiation of activity in the ventral roots. Normalized burst
amplitudes (Figure 2D) and cycle periods (Figure 2E) were not
significantly different in Chx10-DTA mice and wild-type litter-
mates (mean cycle period 2.82 ± 0.68 s, 2.73 ± 0.82 s in wild-
type littermates and Chx10-DTA mice; mean normalized burstNeuron 60, 70–83, October 9, 2008 ª2008 Elsevier Inc. 71
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V2a Neurons Help Maintain Left-Right CoordinationFigure 1. A Transgenic Method to Ablate V2a Neurons in the Mouse and Specific Ablation of V2a Interneurons in Chx10-DTA Mice
(A) Targeting diphtheria toxin to the chx10 locus. A targeting vector was generated in which the coding sequence for an attenuated form of the Diphtheria Toxin A
fragment (DTA) and an intervening STOP sequence (composed of a neomycin resistance cassette flanked by loxP sites) is inserted into the Chx10 promoter at the
translation initiation site (ATG). Black triangles, LoxP sites; arrow, transcription initiation sites; 1 and 2, exons 1 and 2; B, BglII restriction site; gray bar, external
probe for Southern blot; pA, polyadenylation signal.
(B) Cre-mediated recombination is required for expression of diphtheria toxin. Chx10::LNL::DTA mice (F1) were crossed to transgenic mice expressing Cre re-
combinase under control of the protamine promoter. Germline recombination occurs in the male germline of mice containing both the protamine::Cre transgene
and the chx10::LNL::DTA allele (F2 generation). Progeny of these mice (F3) contain the chx10-DTA allele and express DTA in all Chx10 neurons.
(C) Germline transmission of the chx10::LNL::DTA allele. Southern blots using the restriction enzymeBglII and the external probe shown in (A) and (B) demonstrate
homologous recombination of the targeting vector in mouse embryonic stem cells (lane 1 = chx10+/LNL-DTA; lane 2 = chx10+/+). chx10+/LNL-DTA chimeric mice were
bred to C57BL/6 females. Lanes 3 (chx10+/LNL-DTA) and 4 (chx10+/+) demonstrate germline transmission of the chx10::LNL::DTA allele to F1 mice. F3 mice (F3
Rec.) contain the recombined Chx10-DTA allele; see lane 5 (C).
(D–H1) Immunohistochemical detection of V0 interneurons (Evx1, [D and D1]), V1 interneurons (En1, [E and E1]); V2a interneurons (Chx10, [F and F1]), V2b in-
terneurons (GATA2/3, [G and G1]), and MNs (Hb9, [H and H1]) in the lumbar spinal cord of Chx10-DTA E13.5 embryos and wild-type littermates.
(I and I1) In situ hybridization to detect Sim1mRNA, amarker of V3 interneurons, in the lumbar spinal cord of Chx10-DTA E11.5 embryos andwild-type littermates.
The number of Chx10+ interneurons is dramatically reduced in Chx10-DTA embryos (F1) comparedwith that of wild-type littermates (F). However, the number and
location of V0 interneurons (Evx1, [D1]), V1 interneurons (En1, [E1]); V2b interneurons (GATA2/3, [G1]) and MNs (Hb9, [H1]) is not altered in Chx10-DTA mice.
Expression of Sim1 is also similar in Chx10-DTA embryos (I1) and wild-type embryos (I).
(J) Quantification of Evx1-, En1-, Chx10-, GATA2/3-, Hb9-, Lhx3/Hb9-, and Sim1-expressing neurons in wild-type littermates (n = 4) and Chx10-DTA (n = 4) em-
bryos. Each value is the mean ± SEM in one half of the lumbar spinal cord. Note that the number of Chx10 neurons is significantly reduced (p = 0.00006) while the
number of Evx1-, En1-, GATA3-, Hb9-, Lhx3/Hb9-, and Sim1-expressing neurons is not changed (p > 0.5).72 Neuron 60, 70–83, October 9, 2008 ª2008 Elsevier Inc.
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V2a Neurons Help Maintain Left-Right Coordinationamplitude 54.9 ± 8.8 and 45.5 ± 15.7 in wild-type littermates and
Chx10-DTA mice, respectively). An overlapping range of cycle
periods in Chx10-DTA mice and wild-type littermates was also
found when a wide range of drug concentrations was used
(NMDA 5–7 mM, 5-HT 5–30 mM, DA 25–50 mM; data not shown).
These findings show that V2a excitatory interneurons are dis-
pensable for the expression of intrinsic rhythmogenic activity in
isolated spinal cord preparations.
Nevertheless, the variability in burst amplitude and cycle pe-
riod was greater in spinal cord isolated from Chx10-DTA mice
compared with that of wild-type littermates. Cycle-by-cycle
plots of burst amplitude and cycle period revealed this increased
variability (Figure 3A), and the coefficient of variation of these pa-
rameters was significantly higher in spinal cords taken from
Chx10-DTA mice compared with that of wild-type littermates
(Figures 3B and 3C). The increase in cycle-to-cycle variability
suggests that the presence of V2a interneurons stabilizes loco-
motor rhythm.
Ablation of V2a Interneurons Disrupts Left-Right
Coordination
In wild-typemice, locomotor activity is characterized by alternat-
ing ipsilateral flexor-extensor activity and left-right alternation. In
spinal cords isolated from wild-type mice, the coordination of
flexor and extensor activity and left-right alternation manifests
itself as alternation between the ipsilateral flexor-dominant L2
and extensor-dominant L5 roots, while left-right alternation is
seen as alternation between the corresponding segmental roots
(lL2 and rL2; lL5 and rL5) (Bonnot et al., 2002; Kullander et al.,
2003; Nishimaru and Kudo, 2000).
We examined whether the loss of V2a interneurons influences
ipsilateral flexor and extensor and left-right motor bursts during
drug-induced locomotor-like activity in vitro. The spinal cord iso-
lated from wild-type littermates exhibited a typical alternating
locomotor-like pattern that was evident from physiological re-
cordings (Figure 4A, flexor-extensor lL2 and lL5, middle and
lower traces; left-right: lL2 and rL2, middle and top traces), as
well as from circular plots of the phase relationship of ventral
root bursts (Figure 4C). Circular plots generated from activity
recorded from wild-type spinal cord revealed the alternation of
left-right (L-R) and flexor-extensor (F-E) activity as phase cluster-
ing around 0.5, and as a long and directed population vector
(Figure 4C). In Chx10-DTA mice, however, we detected a severe
disturbance in left-right coordination, evident as the drifting of L2
ventral root bursts in and out of strict alternation between left and
right sides (Figure 4B). The prominent loss of coupling in left-right
coordination in spinal cords isolated from Chx10-DTA mice isalso depicted in circular plots, where phase values are distrib-
uted with no directed population vector (Figure 4D). In the
same Chx10-DTA spinal cord preparations, we failed to observe
changes in ipsilateral flexor-extensor alternation (Figure 4B, rL2
and rL5, middle and top traces and phase plot to the right;
Figure 4D, Chx10 F-E).
We next examined the consistency of the defects in locomotor
phenotype in Chx10-DTA spinal cord. Disrupted alternation of
left and rightmotor bursts was evident in all 10 Chx10-DTA spinal
cords for which recordings were analyzed (Figures 4E and 4F,
summed population vectors for phase relationships for individual
Chx10-DTAmice andwild-type littermates;Watson’s U2 test, p >
0.05), whereas 10 of 11 of wild-type littermates exhibited consis-
tent alternation in left-right burst activity (mean p < 0.005). Spinal
cord preparations from nine Chx10-DTA animals and eight wild-
type littermates showed statistically significant flexor-extensor
alternation (both groups mean p < 0.005). The summed popula-
tion vector for flexor-extensor coordination in the groups was
0.43 for wild-type littermates and 0.35 for Chx10-DTA mice. A
Watson’s U2 test revealed that the direction of the population
vectors for flexor-extensor coordination was not significantly dif-
ferent between Chx10-DTA mice and their wild-type littermates
(p > 0.5), confirming that flexor-extensor coordination was unaf-
fected in Chx10-DTA mice. The preservation of alternating
flexor-extensor bursting was not dependent on the state of com-
missural pathway activity, since similar burst patterns were ob-
served when the spinal cord was split along themidline, isolating
the two sides (n = 2, all p < 0.01). In this hemicord preparation, the
frequency of bursts was slower than in the intact cord (3.4 ± 0.7 s
before and 4.0 ± 0.7 s after the cord was split), consistent with
previous findings (Bonnot et al., 2002; Kjaerulff and Kiehn,
1997). Together these findings imply that V2a interneurons nor-
mally promote left-right alternation, but exert little impact on
the ipsilateral pattern of flexor-extensor output.
Commissural Interneuron Projections Appear Intact
in Chx10-DTA Mice
To explore whether the impairment in left-right locomotor coor-
dination observed in the spinal cord of Chx10-DTA mice reflects
a perturbation in the CIN systems that normally coordinate left-
right activity, we performed anatomical and physiological analy-
ses of the CIN system. Anatomically, we found that the overall
distribution and number of CINs, labeled retrogradely by appli-
cation of fluorescent dextrans to the ventral midline or para-
medially, were similar in the spinal cord of Chx10-DTA mice
(n = 7) and wild-type littermates (n = 7), assayed at P0 (Figures
5A–5C).(K) The number of Chx10 interneurons present in sections from one half of the lumbar spinal cord of Chx10-DTAmice was counted and expressed as a percent of
Chx10 interneuron counts in wild-type littermates at E11.5, E13.5, E15.5, and postnatal day 0 (P0). Chx10-DTA mice show a progressive loss of Chx10 interneu-
rons that is complete prior to P0.
(L and M) Expression of vGlut2 mRNA (blue) and Chx10 protein (brown nuclei) in the lumbar spinal cord of neonatal Chx10-DTA mice and wild-type littermates.
vGlut2 mRNA is coexpressed with Chx10 protein in postmitotic V2a interneurons in wild-type littermates. Chx10 interneurons are absent and the number of
vGlut2+ neurons in the ventral spinal cord is reduced in Chx10-DTA mice compared with wild-type littermates.
(N) Quantification of vGlut2+ cells in the lumbar levels of wild-type littermates and Chx10-DTA mouse neonatal spinal cord (20 mm sections). The number of
vGlut2+ cells in Chx10-DTA mice is significantly reduced compared with that of wild-type littermates, reflecting the loss of vGlut2+/Chx10+ V2a neurons in
Chx10-DTA mice (wild-type littermates: 12.7 ± 0.5 vGlut2+/Chx10+ cell count [n = 5]; 40.3 ± 0.3 vGlut2+ cell count [n = 6]; Chx10-DTA mice: 30.6 ± 0.9 vGlut2+
cell count [n = 5]. Each value is the mean ± SEM).
(O) Less than 5% of the GATA2/3+ cells contained vGlut2 (Lundfald et al., 2007), and this number was not affected in the Chx10-DTA mice.Neuron 60, 70–83, October 9, 2008 ª2008 Elsevier Inc. 73
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V2a Neurons Help Maintain Left-Right CoordinationPhysiologically, we examined the integrity of CINs by testing
whether excitatory and inhibitory contralateral reflex responses
that are normally found in mammals (Edgley et al., 2003; Baxen-
dale and Rosenberg, 1977; Edgley and Jankowska, 1987) were
preserved in Chx10-DTA mice. To activate these crossed reflex
pathways, the L3 dorsal root was stimulated while recording
intracellularly from L3MNs on the contralateral side. Low-thresh-
old stimulation (1.3–2.5 times threshold for a measurable re-
sponse in motor neurons) of the L3 dorsal root elicited mixed ex-
citatory (EPSCs) and inhibitory (IPSCs) activity in the
contralateral L3 MNs in spinal cords from both Chx10-DTA
mice (n = 8) and wild-type littermates (n = 4; Figures 5D–5E1).
Notably, the peak amplitudes (measured from averaged traces
of six to ten stimulations at50mV and at low stimulus strength)
of these responses are in the same range as, and not significantly
different in, wild-type littermate (inward currents: 59 ± 27 pA;
outward currents: 202 ± 97; n = 4, mean ± SEM) and Chx10-
DTA (inward currents: 93 ± 31 pA; outward currents: 171 ±
44; n = 8, mean ± SEM) spinal cords. The latencies of these re-
sponses weremore variable, possibly a consequence of variable
placement of the stimulation electrode on the dorsal root. The
amplitudes of the crossed inhibitory responses were reduced
slightly by picrotoxin (PTX) (10 mM) (15% ± 1% in wild-type,
n = 2 and 20% ± 3% in Chx10-DAT, n = 2; measured at 50
mV) and fully blocked by a combination of PTX (10 mM) and
strychnine (0.3 mM) in both wild-type littermates (Figure 5D1)
and Chx10-DTA mice (Figure 5E1) (n = 4). Crossed excitatory
and inhibitory reflex responses were also seen when the entire
MN pool was monitored using ventral root recordings
(Figure S1). These findings provide physiological evidence for
the normal function of both inhibitory and excitatory CIN systems
mediating afferent-evoked reflexes in Chx10-DTA mice.
We next examined the function of crossed pathways by block-
ing fast GABAergic and glycinergic transmission. Under these
conditions, excitatory CIN pathways drive synchronous left-right
motor activity (Bracci et al., 1996; Cowley and Schmidt, 1995;
Hinckley et al., 2005a). In spinal cords from both Chx10-DTA
and wild-type mice, bilaterally synchronous motor activity was
induced by exposure to picrotoxin (PTX, 10 mM) or bicuculline
(BIC; 0.3 mM), alone or in combination with strychnine (STR,
1 mM) (alone: n = 2 Chx10-DTA, n = 4 wild-type littermates;
PTX/BIC and STR: n = 5 Chx10-DTA, n = 3 wild-type littermates;
Figures 5F and 5G). The induction of synchronous left-rightmotor
activity in the spinal cord of Chx10-DTA mice provides strong
evidence that the excitatory CIN system involved in generating
synchronous left-right activity is intact. Additionally, the ability
to coordinate synchronous activity across the cord appears not
to require V2a neurons.
Collectively these anatomical and physiological observations
indicate that the known CIN systems are intact, which in turn ar-
gues that the loss of left-right coordination observed in the spinal
cord of Chx10-DTA mice reflects an interaction between spinal
V2a interneurons and CINs.
V2a Interneurons Contact Commissural Interneurons
The ipsilateral projections of V2a interneurons, taken together
with the apparently intact state of the CIN system, suggest that
defects in left-right alternation in the spinal cord of Chx10-DTA
mice reflect the loss of V2a-mediated excitatory drive to the
CIN system. One implication of this circuit is the existence of
direct synaptic contacts between excitatory V2a neurons and
CINs.
To test this prediction we identified CINs by retrograde trans-
port of fluorescent dextrans and traced the terminals of V2a inter-
neurons by genetic labeling methods, using three independent
transgenic lines.We usedmice in which V2a neurons aremarked
by expression of fluorescent proteins (FPs) under the control of
Chx10, Sox14, or Lhx3 regulatory elements. Chx10::CFP mice
Figure 2. Mean Cycle Period and Normalized
Burst Amplitude of Locomotor Bursting Are
Similar in Chx10-DTA Mice and Wild-Type
Littermates
(A) Experimental setup used for locomotor experi-
ments. Ventral root recordings were made from lum-
bar 2 (L2) and lumbar 5 (L5) ventral roots on the left
(lL2, lL5) and right (rL2, rL5) side.
(B) Typical ventral root recordings obtained from
a wild-type littermate.
(C) Rectified (above) and smoothed (below) ventral
root recording, showing measurement of the parame-
ters. Period (P): onset of one burst to the next. Normal-
ized burst amplitude: trough-to-peak amplitude (A) di-
vided by peak amplitude (B).
(D and E) Mean normalized burst amplitude and mean
cycle period were unchanged in Chx10-DTA mice
compared to their wild-type littermates. All analyses
were performed on data taken from 6 min after the
initiation of locomotor-like activity with the same
concentrations of NMDA and 5-HT (n = 9 for Chx10-
DTA mice, and n = 7 for wild-type littermates). Error
bars = SD.74 Neuron 60, 70–83, October 9, 2008 ª2008 Elsevier Inc.
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copy of the wild-type Chx10 allele. Sox14 is coexpressed with
Chx10 in the vast majority of V2a neurons, and provides greatly
enhanced GFP labeling of terminal boutons (L.Z. and T.M.J., un-
published data). In Sox14::eGFP mice, 94% of Chx10+ neurons
express GFP at P0; and conversely, 70% of Sox14::eGFP-la-
beled neurons express Chx10 at this stage (Figure S2; Hargrave
et al., 2000). We used heterozygous Sox14::eGFP mice that
retained one functional Sox14 allele. Lhx3 marks MNs and both
classes of V2 neurons, since the gene is expressed in p2 domain
progenitors that give rise to excitatory V2a (vGlut2+) and
inhibitory (GABA/glycine) V2b interneurons (Lundfald et al.,
2007; Peng et al., 2007; Sharma et al., 1998). In Lhx3::Cre;
ROSA26::YFP mice at P0, YFP is expressed in a subset (60%)
of V2 interneurons as well as in MNs (Al-Mosawie et al., 2007;
Lundfald et al., 2007; Peng et al., 2007). The Lhx3::Cre;
Rosa26::YFPmice express Lhx3 fromabicistronic allele (Sharma
et al., 1998). In Lhx3::Cre; ROSA26::YFPmice vGlut2 expression
distinguishes V2a excitatory terminals from V2b inhibitory termi-
nals (Figure S3).We reasoned that detection of contactswith CIN
neurons in each of thesemouse lineswould provide the strongest
available evidence for V2a-CIN connectivity.
To label CINs we applied fluorescent dextran to the ventral half
of the contralateral side of the cord (Figures 6A and 6D). Analysis
of spinal cord sections from all three fluorescent reporter mouse
lines revealed that most FP-labeled neuronal cell bodies and
axons were found in the ventral spinal cord (Figures 6A, 6D,
and S3), and that many FP-labeled processes contacted retro-
gradely labeled CINs (Figures 6B, 6C, 6E, and 6F). Many FP-
labeled processes in all three mouse lines contained vGlut2+ ter-
minals in apposition to retrogradely labeled somata or processes
of CINs in the ventromedial spinal cord (Figures 6B, 6C, 6E, 6F,
and S3). Together, these observations provide anatomical
evidence that excitatory V2a interneurons contact CINs in the
ventromedial region of the lumbar spinal cord.
Figure 3. Greater Variability Is Present in Cycle
Period and Amplitude of Locomotor Bursting in
Chx10-DTA Mice Compared with Wild-Type Litter-
mates
(A) Cycle period and burst amplitude from a Chx10-DTA
mouse (Chx10, blue) and a wild-type littermate (Wt, green)
plotted cycle by cycle. Increased variability in both param-
eters is evident in the Chx10-DTAmice compared with the
wild-type littermate.
(B and C) The coefficient of variation of the normalized
burst amplitude and cycle period is significantly higher in
Chx10-DTA mice as compared with wild-type mice (p =
0.01 and p = 0.03, respectively) (n = 9 for Chx10-DTA
mice, and n = 7 for wild-type littermates). Error bars = SD.
V2a Interneurons Contact V0-Derived
Commissural Interneurons
V0 CINs derived from the Dbx1+ p0 progenitor
domain represent a possible target of V2a in-
terneurons, since their presence is required
to maintain strict left-right coordination in iso-
lated spinal cord (Lanuza et al., 2004). The
transcription factor Evx1 persists in a subset
of Dbx1-derived V0 CINs at P0, permitting us to examine
whether Evx1+ CINs are contacted by V2a neurons. In spinal
cords from P0 Chx10::CFP mice, we detected CFP+ processes
from V2a neurons that contained vGlut2 in close apposition
with the soma or processes of Evx1+ CINs (Figures 6G–6I
and 6J–6N). We randomly selected five transverse sections
from the spinal cord of three P0 Chx10::CFP mice. In these
sections 16 CINs were labeled retrogradely, and of these, 7 ex-
pressed Evx1. Contacts between CFP-labeled processes of
the V2a neurons and retrogradely labeled CINs were found
on six Evx1-expressing, retrogradely labeled CINs. For one
Evx1-expressing, retrogradely labeled CIN, we were able to
trace dendritic processes back to the soma in a series of con-
focal images along the z axis. This neuron received 8 CFP+/
vGlut2+ contacts on the soma and 56 CFP+/vGlut2+ contacts
on the dendritic processes (for examples see Figure 6L). V2a
neurons also make excitatory contacts onto anatomically de-
fined CINs that lack Evx1 expression (Figure 6G), suggesting
that V2a neurons provide excitatory input to multiple classes
of CINs.
Ablation of V2a Interneurons Prevents Initiation
of Neurally Evoked Locomotor Rhythm
Locomotor activity can be activated by descending commands
from the brain, notably from reticulospinal neurons (RNs), and
by sensory afferent stimulation (Grillner, 1981; Jordan, 1998;
Rossignol and Dubuc, 1994). In an isolated rodent brainstem-
spinal cord preparation, RN stimulation evokes episodes of
locomotor-like activity with the typical lumbar locomotor-like
left-right (rL2-lL2, rL5-lL5) and flexor-extensor (rL2-rL5, lL2-lL5)
alternation (Zaporozhets et al., 2006). Locomotor-like activity
with a similar pattern of activity can also be evoked by stimula-
tion of sensory afferents in the isolated spinal cord (Gordon
and Whelan, 2006; Lev-Tov and Delvolve, 2000; Zhong et al.,
2007).Neuron 60, 70–83, October 9, 2008 ª2008 Elsevier Inc. 75
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V2a Neurons Help Maintain Left-Right CoordinationFigure 4. Locomotor Activity in Chx10-DTA Mice Lacks Left-Right Alternation
(A) Raw traces of ventral root activity from awild-type littermate and a (B) Chx10-DTAmouse. Red boxes illustrate left-right coordination or lack thereof, while blue
boxes emphasize ipsilateral flexor-extensor coordination. (C and D) Circular plots show the left-right (above) (lL2-rL2) and flexor-extensor (lL2-lL5) (below) co-
ordination in activity from the wild-type littermate and Chx10-DTA mouse shown in (A) and (B). Points along the edge of the circle indicate each cycle’s phase,
while the arrow indicates direction of the mean vector for all phases. Length of arrow reflects significance of coordination. Length of arrow for left-right coordi-
nation did not reach statistical significance (p > 0.05) in the Chx10-DTA mouse. (E and F) Summary of left-right and flexor-extensor coordination in Chx10-DTA
mice. (E) Mean vector of left-right coordination in Chx10-DTAmice (n = 10) and wild-type littermates (n = 11). Points falling within the red circle indicate that there
was no significant coordination between left-right sides, whereas points falling outside the circle indicate that the two sides are significantly coordinated (p <
0.05). (F) Mean vector of ipsilateral flexor-extensor coordination in Chx10-DTA mice (n = 9) and wild-type littermates (n = 8). Inner circle again indicates the cutoff
for significant coupling.To assess the contribution of V2a neurons as spinal mediators
of neurally evoked locomotor activity, we first examined the
impact of brainstem stimulation on locomotor activity in brain-
stem-spinal cord preparations isolated from Chx10-DTA mice.
In wild-type preparations, brainstem stimulation evoked periods
of rhythmic locomotor-like activity, consistent with previous find-
ings (n = 5) (Figure 7A, left). In preparations isolated from Chx10-
DTA mice, however, equivalent brainstem stimulation elicited
transient and uncoordinated motor activity (n = 5) (Figure 7A,
right). Nevertheless, in the same preparations, application of
NMDA and 5-HT induced clear rhythmic, locomotor-like activity
(Figure 7C). These findings suggest that V2a interneurons serve
as spinal mediators of the descending brainstem pathways that
are critical for induction of locomotor-like activity in vivo. One
caveat is that Chx10+ neurons are also present in the brainstem
(Cepeda-Nieto et al., 2005; S.A.C., S.D., and K.S., unpublished
data), and thus the impairment of brainstem-evoked locomotor
activity in Chx10-DTA preparations could also reflect the loss
of descending inputs to the spinal locomotor system.
To seek independent evidence that V2a interneurons mediate
neurally evoked locomotor behaviors, we focused on motor out-
put elicited by sensory afferent stimuli. Chx10 is not expressed
by DRG neurons, and thus defects in afferent-evoked locomotor
behavior in Chx10-DTA animals reflect the contribution of spinal
V2a neurons. We find that in spinal cord preparations isolated
from P0–P2 wild-type littermates, stimulation of sacral sensory
afferents exhibited locomotor-like activity, consistent with previ-
ous observations (Lev-Tov and Delvolve, 2000). In contrast,
equivalent afferent stimulation in preparations isolated from
Chx10-DTA mice failed to elicit locomotor activity (n = 4). Fur-76 Neuron 60, 70–83, October 9, 2008 ª2008 Elsevier Inc.thermore, stimulation of a single thoracic dorsal root evoked
robust rhythmic locomotor-like activity in wild-type preparations
(n = 3), but only tonic, nonrhythmic activity in spinal cord from
Chx10-DTAmice (Figures 7B and 7C; n = 4). The failure to initiate
locomotor-like activity upon sensory afferent stimulation in
Chx10-DTA spinal cord indicates that V2a interneurons function
as spinal mediators of neurally-evoked locomotor activity.
DISCUSSION
Studies of spinal networks have demonstrated the importance of
commissural interneurons in left-right motor coordination. Here,
we demonstrate that a group of ipsilaterally projecting excitatory
interneurons, Chx10+ V2a interneurons, has an important role in
driving the CINs responsible for left-right alternation. V2a neu-
rons appear to be part of the locomotor CPG network that
ensures left-right alternation in motor activity, mediates affer-
ent-evoked locomotor output, and maintains constancy in the
frequency and amplitude of locomotor burst patterns.
V2aNeurons Are Ablated Selectively in Chx10-DTAMice
Chx10 neurons are absent in the spinal cord of Chx10-DTA mice
whereas other classes of ventral interneurons are present in nor-
mal numbers. Moreover, the known CIN systems appear to be
intact in Chx10-DTA mice. Thus genetic targeting of the Chx10
locus selectively eliminates V2a neurons from the spinal cord.
The elimination of V2a neurons, however, does not preclude
more subtle compensatory changes in the connectivity or
strength of other elements of the spinal locomotor network. Nev-
ertheless, other genetic studies of ventral interneurons have
Neuron
V2a Neurons Help Maintain Left-Right CoordinationFigure 5. Commissural Interneurons Function Normally in Chx10-DTA Mice
(A–C) Anatomical tracing of CINs. CINs were retrogradely labeled with Texas red dextran at the midline in both wild-type littermates (A and A1) and Chx10-DTA
mice (B and B1). All sections are from the L2 segment. (A1) and (B1) show superimpositions of three sections showing the comparable location of CINs in wild-
type littermates andChx10-DTAmice, while (C) shows actual counts of CINs in all laminae inmidline-stained animals (n = 3/3) and counts in the ventral spinal cord
in parasagital-stained animals (n = 4/4) (see Experimental Procedures for details). Error bars = SEM.
(D–E1) Crossed reflexes recoded intracellularly in L3 MNs. Dorsal root stimulation (one pulse, 1.3–2.5 times threshold) evoked mixed EPSCs and IPSCs in wild-
type littermates (D) and Chx10-DTA mice (E). The EPSCs are seen as inward currents at all holding potentials (50, 60, 80 mV), while the IPSCs are seen as
outward currents at 50 and 60 mV and inward currents at 80 mV. The IPSCs were fully blocked by a combination of picrotoxin (Ptx, 10 mM) and strychnine
(Strych, 0.3 mM), leaving only the EPSCs in both wild-type littermates (D1) and Chx10-DTA mice (E1). Arrows indicate stimulus time.
(F and G) Synchronous activity in Chx10-DTA is not affected. Blocking fast GABAgergic and glycinergic transmission by a combination of picrotoxin (10 mM) and
strychnine (1.0 mM) evoked comparable synchronous activity in Chx10-DTA mice and wild-type littermates.revealed no evidence for compensatory changes in network
organization or motor behavior after early neuronal ablation.
Transgenic mice in which V1 interneurons have been ablated
by expression of DTA produce a locomotor phenotype similar
to that observed after acute postnatal silencing of the same neu-
rons (Gosgnach et al., 2006).
A Role for V2a Neurons in Left-Right Alternation
Themost pronounced defect in locomotor activity in Chx10-DTA
mice is a failure to maintain left–right alternation. The coordina-
tion of left-right motor activity depends on the function of CINs
(Jankowska, 2008; Kiehn, 2006), and the present anatomical
and physiological analyses indicate that the CIN pathways are
intact in Chx10-DTA mice. First, ventrally located commissural
interneuron populations (V0 and V3 neurons) develop normally
in the Chx10-DTA mice. Second, equal numbers of CINs are
present in wild-type and Chx10-DTA mice. Third, afferent-
evoked crossed reflexes contain both inhibitory and excitatory
components in both Chx10-DTA and wild-type spinal cord. To-
gether, these findings argue for the existence of a microcircuitin which ipsilateral projecting V2a interneurons provide excit-
atory input to CINs responsible for establishing left-right alterna-
tion during locomotion (‘‘1,’’ Figure 8). In this view, the absence of
V2a interneurons reduces the excitatory drive onto the CIN sys-
tem, in turn weakening left-right alternation. The anatomical ev-
idence that V2a interneurons form excitatory contacts with CINs
further supports the view that this set of interneurons controls
left-right alternation through the excitation of CINs.
Some excitatory RNs express Chx10, Lhx3, and Sox14 (Ce-
peda-Nieto et al., 2005; S.A.C., S.D., L.Z., T.M.J., and K.S.,
unpublished data) and in some mammals RNs contact CINs
(Jankowska et al., 2003; Matsuyama et al., 2004). Thus, we can-
not exclude the possibility that some of the FP+ vGlut2+ boutons
that contact CINs originate from descending RNs. Nevertheless,
RN input is eliminated in isolated spinal cord preparations de-
rived from wild-type mice, without obvious effects on left-right
alternation during drug- or afferent-evoked locomotor rhythm.
Moreover, V2a interneurons connect to a subset of V0 interneu-
rons that express Evx1. V0 interneurons constitute amajor group
of ventrally located CINs, and a decreased coupling of left andNeuron 60, 70–83, October 9, 2008 ª2008 Elsevier Inc. 77
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V2a Neurons Help Maintain Left-Right CoordinationFigure 6. Anatomical Synaptic Contacts between V2a and Commissural Interneurons
(A) Transverse sections from the lumbar spinal cord of Sox14::eGFP mice. GFP-labeled processes (green) are predominantly found in the ventral spinal cord.
Rhodamine dextran was injected into one half (on left) of the spinal cord. Retrogradely labeled CINs (red) are located in the ventromedial area of the spinal
cord on the contralateral side (arrow).
(B andC) Confocal images showing that cell bodies and processes from rhodamine-dextran- (blue) labeledCINs are contacted by excitatory vGlut2+ (red) puncta,
some of which (arrows) are GFP+ (green), demonstrating that they are from Sox14+ neurons. A close-up view of the CINs (blue) shown in (B) and (C) reveals that
GFP+ (green) processes (B1 and C1) and vGlut2+ (red) synaptic vesicles (B2 and C2) are found colocalized as yellow puncta (arrows, [B3 and C3]) in contact with
CINs. Scale bar = 5 mm, optical sections = 0.45 mm.78 Neuron 60, 70–83, October 9, 2008 ª2008 Elsevier Inc.
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V2a Neurons Help Maintain Left-Right Coordinationright motor activity has been observed in mice lacking Dbx1,
a transcription factor that directs the generation of V0 interneu-
rons (Lanuza et al., 2004). Together, these findings fit best with
the idea that V2a interneurons exert their influence by projecting
to CINs involved in left-right alternation.
Physiological findings in mice indicate that the segmental CIN
systems that coordinate left-right activity are mediated by paral-
lel commissural projections: a single excitatory CIN system and
a dual inhibitory CIN system (Quinlan and Kiehn, 2007). The dual
inhibitory system is composed of two distinct projections: a di-
rect inhibitory CIN input to contralateral MNs, and an indirect ex-
citatory CIN projection that provides input to contralateral inhib-
itory interneurons, including Renshaw cells (RC) (Nishimaru
et al., 2006; Quinlan and Kiehn, 2007) (‘‘2,’’ Figure 8). These path-
ways appear well-suited to the control of left-right alternation
during locomotion (Quinlan and Kiehn, 2007) since they are likely
to connect to rhythm-generating neurons on the contralateral
side of the cord (‘‘3,’’ Figure 8). The single excitatory pathway
is composed of a set of excitatory CINs that directly excite con-
tralateral MNs (Quinlan and Kiehn, 2007) (‘‘4’’, Figure 8), with
possible additional connections to contralateral rhythm-generat-
ing neurons (‘‘5,’’ Figure 8). This system is therefore positioned to
promote synchrony in left-right motor bursting. The preservation
of left-right synchrony in Chx10-DTA mice, upon pharmacologi-
cal blockade of the dual inhibitory system, implies that V2a inter-
neurons do not contact the direct excitatory CIN pathway (‘‘6’’),
or that the presence of other excitatory inputs to these CINs ren-
ders the V2a input dispensable. Together, these findings support
the view that V2a interneurons provide significant drive to one or
both of the CIN elements in the dual inhibitory system. Given that
V0 interneurons consist of both excitatory and inhibitory neurons
(Lanuza et al., 2004), they could contribute to both aspects of the
dual inhibitory system.
A Role for V2a Neurons in Stabilizing Network Activity
and Providing Ipsilateral Excitatory Drive
In addition to their prominent role in left-right coordination, V2a
neurons appear to contribute to the generation of a stable rhythm
and to ipsilateral motor drive. The speed of locomotor-like activ-ity is comparable in the spinal cords of Chx10-DTA andwild-type
mice, implying that V2a interneurons are not required for the gen-
eration of overall motor rhythm, but are driven from the rhythm-
generating core of the CPG (‘‘7,’’ Figure 8). Nevertheless, the in-
creased variability in periodicity of locomotor-like activity in the
spinal cord of Chx10-DTA mice suggests that V2a interneurons
have a role in stabilizing network activity (‘‘8,’’ Figure 8). The in-
crease in variability of the motor burst amplitude is consistent
with the view that V2a interneurons provide ipsilateral excitatory
input to MNs (‘‘9,’’ Figure 8). Such synaptic contacts have been
demonstrated recently (Al-Mosawie et al., 2007). However, the
absence of a detectable change in the average burst amplitude
in Chx10-DTA preparations suggests that input from V2a inter-
neurons to MNs is weak, or poorly recruited, during drug-in-
duced fictive locomotion. By exclusion, our findings imply that
other classes of iEINs, perhaps those marked by EphA4 or
Hb9, are more intimately involved in rhythm generation.
A very high fraction of V2a excitatory interneurons are marked
by expression of vGlut2. Analysis of the locomotor phenotype of
vGlut2 mutant mice has led to the suggestion that vGlut2-medi-
ated glutamatergic transmission is dispensable for normal loco-
motor-like activity in the spinal cord (Wallen-Mackenzie et al.,
2006). Superficially, our findings are at oddswith this conclusion,
with at least two potential reasons for this apparent discrepancy.
First, the loss of vGlut2 alone may not eliminate the vesicular ac-
cumulation and release of glutamate from V2a interneurons.
Second, the early loss of vGlut2 may trigger a developmental
compensation in the organization of spinal network activity. For
example, spontaneous activity of spinal motor circuits is prema-
turely driven by glutamate after early elimination of the acetyl-
choline synthetic enzyme (ChAT) in mice (Myers et al., 2005).
V2a Neurons as Mediators of Neurally Evoked
Locomotion
V2a neurons also appear to mediate afferent and descending in-
puts to the locomotor network. Afferent stimulation capable of
eliciting a locomotor-like rhythm in wild-type spinal cord is un-
able to initiate locomotor behavior in Chx10-DTA spinal cord, in-
dicating that V2a interneurons are an important component of(D) Transverse sections from the lumbar spinal cord ofChx10::CFPmice. CFP-labeled processes (green) are predominantly found in the ventral spinal cord. Rho-
damine dextran (red) was injected into one half (on left) of the spinal cord. Retrogradely labeled CINs are located in the ventromedial area of the spinal cord on the
contralateral side (arrow).
(E and F) Confocal images showing that cell bodies and processes from rhodamine-dextran- (blue) labeled CINs are contacted by excitatory vGlut2+ (red) puncta,
some of which (arrows) are CFP+ (green), demonstrating that they are from Chx10+ neurons. A close-up view of the CINs (blue) shown in (E) and (F) reveals that
CFP+ (green) processes (E1 and F1) and vGlut2+ (red) synaptic vesicles (E2 and F2) are found colocalized as yellow puncta (arrows, [E3] and [F3]) in contact with
CINs. Scale bar = 5 mm, optical sections = 0.45 mm.
(G) Rhodamine dextran was injected into the ventral lumbar spinal cord of age P0 Chx10::CFPmice to label CINs (blue) on the contralateral side. Sections were
stained with antibodies to Evx1 (white) to label a subset of V0 interneurons, as well as antibodies to CFP (green) and vGlut2 (red) to identify excitatory Chx10
processes. Arrows denote CINs contacted by Chx10 processes. Scale bar = 10 mm, optical sections = 0.45 mm.
(H and I) A closer view of CINs (blue) indicated by arrows in (G) reveals yellow vGlut2+ puncta (arrows) from Chx10+ neurons apposed to an Evx1+ (white) CIN (H)
and an Evx1 CIN (I). Scale bar = 5 mm, optical sections < 0.5 mm.
(J) Confocal image of a retrogradely labeled CIN (red) that expresses the transcription factor Evx1 (green) in the nucleus. Scale bar = 10 mm.
(K) The CIN (red) shown in (J) is contacted by CFP+ (green) processes.
(L) A confocal z-series reconstruction (5 mm thick) of the Evx1+ CIN boxed in (J) and (K) was used to trace the origin of the dextran-labeled processes in the boxed
region. Scale bar = 10 mm.
(M and N) Single optical sections (<0.5 mm thick) of the boxed area in (L) at different depths showing dextran- (blue) labeled processes originating from the Evx1+
neuron, CFP+ (green) processes from Chx10+ neurons, and vGlut2+ (red) glutamatergic vesicles. Arrows denote yellow CFP+/vGlut2+ excitatory processes en-
larged in (M1)–(M3) and (N1)–(N3). The enlarged view demonstrates that CFP+ processes marked by arrows colocalize with vGlut2+ synaptic vesicles that are
directly apposed to CIN processes (blue). Scale bar = 5 mm, optical sections = 0.45 mm.Neuron 60, 70–83, October 9, 2008 ª2008 Elsevier Inc. 79
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V2a Neurons Help Maintain Left-Right Coordinationthe pathway connecting sensory input to the rhythm-generating
parts of the CPG. Since afferent-evoked contralateral reflexes
are still present in Chx10-DTA mice, V2a neurons are not crucial
for conveying sensory input to CINs. V2a interneurons could
serve as a general activation gate for rhythm-generating cells
in the CPG network (‘‘10,’’ Figure 8). Spinal V2a interneurons
may also mediate input from descending brainstem pathways
that initiate locomotion (‘‘11,’’ Figure 8). This view is supported
by the observation that hindbrain stimulation is ineffective in in-
ducing locomotor bursts in Chx10-DTA mice. But since
Chx10+ neurons are also present in the hindbrain (see above),
we cannot exclude the possibility that Chx10+ RNs participate
in the supraspinal control of locomotion in vivo.
Diversity of Ipsilateral Excitatory Interneurons
in Mammals
The involvement of V2a interneurons in locomotor behavior sug-
gests that the organization of the mammalian walking CPG dif-
fers in certain aspects from that of CPGs that drive tadpole
and lamprey swimming behavior (Grillner, 2003; Roberts et al.,
1998). In these aquatic vertebrate motor systems, a relatively ho-
mogenous group of ipsilaterally projecting descending excit-
atory interneurons generates locomotor rhythm and provides ex-
citatory input to MNs and CINs. Our findings suggest that in
mammals these tasks are allocated to different classes of iEINs.
Inzebrafish there isdiversity in the interneurons thatgenerate lo-
comotor rhythm.Oneclassof iEINs is important for generating fast
swimmingandescapebehaviors,whereasslowswimmingbehav-
iors require excitatory CINs (Kimura et al., 2006; McLean et al.,
2007). Inmammals, rhythmic activity persist in hemicord prepara-
tions fromwild-type (Bonnot et al., 2002;Kjaerulff andKiehn, 1997)
and Chx10-DTA mice, indicating that commissural neurons are
dispensable for rhythm generation, although theymay participate
in setting the speed of locomotion. Our findings show that V2a
Figure 7. Brainstem and Afferent Stimulation Fail to Evoke
Rhythmic Activity in Chx10-DTA Mice
(A) Stimulation of the brainstem produced locomotor-like activity in
wild-type littermates (left panels) but not in Chx10-DTA mice (right
panels).
(B) Stimulation of both thoracic and sacral afferents produced robust
bouts of locomotor-like activity in wild-type mice (left in [B]), but not
Chx10-DTA mice (right in [B]).
(C)Althoughothermethodswerenoteffective,drug-induced locomotor
activity could be elicited from the Chx10-DTA spinal cord (same prep-
aration as shown in [A]), as shown by ventral root recordings (above)
and rectified and integrated traces (boxed data shown below).
iEINs are not essential for rhythm generation, but help to
stabilize the rhythm and activate commissural pathways
that maintain left-right coordination. They also suggest
that V2a interneurons provide a substrate for descending
and afferent control of locomotion.
Heterogeneity among V2a Neurons
The V2a interneuron class is likely to consist of several
molecularly and perhaps functionally discrete subsets.
In zebrafish, the Alx+ neuronal population is split into at
least two subtypes: one firing in strong escape movements
and another during sustained movements (Kimura et al., 2006).
Since all our experiments have been performed in spinal cords
under conditions that produce a relatively narrow range of burst
frequencies, it remains possible that V2a interneurons contribute
to both fast and slow locomotor behaviors.
V2a interneurons in the lumbar spinal cord of mice can be di-
vided into distinct subpopulations on the basis of the expression
of Hox10 paralog proteins (S.D. and K.S., unpublished data) and
other transcription factors (L.Z. and T.M.J., unpublished data).
These finer-grained transcriptional markersmay permit a genetic
entry point in future studies designed to resolve whether one set
of V2a interneurons directs ipsilateral excitatory drive while an-
other controls the excitation of CINs involved in left-right motor
coordination.
EXPERIMENTAL PROCEDURES
Generation and Care of Transgenic Mice
Chx10::LNL::DTA and Chx10::LNL::CFPmice were generated by homologous
recombination in mouse ESCs (see Supplemental Data for details on cloning
strategy). Targeted mouse embryonic stem cells were microinjected into
host blastocysts to generate chimeric mice (Hogan et al., 1994). F1
Chx10::LNL::DTA mice were produced by mating male chimeras to C57BL/6
females and germline transmission of the targeted allele was demonstrated
by Southern blot as above. The chx10+/LNL-DTA mice were bred to protamine::
Cre transgenic mice to produce male chx10+/LNL-DTA; protamine::Cre com-
pound transgenic mice. These compound transgenic males were bred to
C57BL/6 females to generate litters in which approximately half of the mice
contained a single recombined chx10-DTA allele. These mice are readily
dentified by their small eyes. Mice with normal eyes includeChx10+/+ and non-
recombined chx10+/LNL-DTA mice. Mice were genotyped by PCR of tail DNA
(see Supplemental Data for primer details). Genotying revealed that less
than 2% of mice with normal eyes were chx10+/LNL-DTA. Here, Chx10+/+ and
chx10+/LNL-DTA are referred to as wild-type since they are phenotypically indis-
tinguishable (DTA is not activated). Also, animals referred to as wild-type80 Neuron 60, 70–83, October 9, 2008 ª2008 Elsevier Inc.
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V2a Neurons Help Maintain Left-Right Coordinationinclude some that carry one copy of the protamine::Cre transgene. All animal
care was performed in accordance with the University of Chicago Animal Care
and Use Committee guidelines.
The Chx10::LNL::CFP targeting construct was generated by replacing the
DTA coding sequence in the Chx10::LNL::DTA targeting vector with the
ECFP coding sequence from pECFP-N1 (Clontech). Chx10-CFP mice were
generated by breeding chx10+/LNL-CFP mice to protamine::Cre mice as for
Chx10-DTA mice described above.
The Sox14::eGFP targeting vector was constructed by replacing the Sox14
coding sequencewith a cassette consisting of a 50 splice substrate followed by
the eGFP gene and a bovine growth hormone polyadenylation signal (bGH-
pA). A neomycin gene cassette was cloned downstream of the bGH-pA signal
for positive selection in ESCs. Details of the construct will be reported else-
where.
Anatomical Detection of Ventral Neurons
Neonatal pups were anaesthetized and perfused with 4% paraformaldehyde
(PFA), and spinal cords were dissected out, postfixed for 2 hr in 4% PFA,
and washed overnight in PBS. Embryos were dissected from the uterus and
fixed for 2 hr in PFA and washed overnight in PBS. Tissue was cryoprotected
in 30% sucrose and mounted in OCT medium. Ten-micrometer transverse
sections were stained (see Supplemental Data for details on primary anti-
bodies) according to the methods described in Peng et al. (2007). Species-
specific secondary antibodies conjugated to Cy3 or FITC fluorophores were
used at a concentration of 1:500–1:750 (Jackson Labs). For each marker, cells
were counted on the left and right side of 10–12 lumbar sections for four wild-
type and four Chx10-DTA E13.5 embryos. For in situ hybridization analysis,
20 mm frozen sections were hybridized with mouse Sim1 (1.2 kb 30 RACE frag-
ment) and vGlut2 (811 bp cDNA courtesy of M. Goulding), specific digoxige-
nin-labeled probes. Detection was performed using antidigoxigenin alkaline
phosphotase antibody (Roche) hybridization followed by NBT-BCIP color
reaction (Roche).
Experiments in Isolated Spinal Cords
Dissection
All procedures were approved by the local Animal Care Committee in Swe-
den. Newborn mice (P0–P1) were anesthetized in isofluran (Abbott Scandi-
navia), decapitated, and eviscerated as described in Kjaerulff and Kiehn
(1996). The spinal cord was removed, placed in a recording chamber ventral
side up, and perfused with aerated (95%O2/5%CO2) Ringer’s solution con-
taining 111 mM NaCl, 3.09 mM KCl, 25.0 mM NaHCO3, 1.10 mM KH2PO4,
1.26 mM MgSO4, 2.52 mM CaCl2, and 11.1 mM glucose. In preparations
used for comparing locomotor frequencies and burst amplitudes, the spinal
cord was always cut at the Th10/11 level. Experiments were performed at
room temperature. Locomotor-like activity was induced by perfusion of
NMDA (5–7.5 mM) and 5-HT (5–30 mM) occasionally in combination with do-
pamine (25–50 mM). picrotoxin (8–10 mM) and strychnine (0.3–1.0 mM) were
used to block inhibition.
Analysis of Locomotor Experiments
Left and right L2 and L5 ventral root activity was recorded with suction elec-
trodes (signal band-pass filtered [300–1000 Hz] and amplified 5000 times).
Data on left-right and flexor-extensor coordination, cycle period, and burst
amplitude was always taken 6 min after the beginning of locomotor-related
tonic activity. Locomotor activity was analyzed using rectified and smoothed
(time constant 0.2 s) signals of the ventral root activity in Spike2 (Cambridge
Electronic Design). Cycle period was calculated as burst onset time to burst
onset time. Burst amplitude was normalized to the level of tonic activity in
each trace (Figure 2C). Left-right and flexor-extensor coordination was ana-
lyzed using circular plots, performed as described in Kjaerulff and Kiehn
(1996) (see Supplemental Data for details). Briefly, random locomotor bursts
were selected for analysis, with the lL2 ventral root as the reference trace.
rL2 and lL5 activity was compared to lL2 to calculate left-right and flexor-
extensor coordination, respectively (alternation: phase value 0.5). The mean
timing of all phase values is plotted as a vector whose length reflects the con-
centration of phase values around the mean. Raleigh’s test (Zar, 1974) was
used to determine whether the clustering of phase values reached statistical
significance (p < 0.05). Watson’s U2 test for nonparametric two-sample testing
was used (Zar, 1974) to compare the mean direction of wild-type and Chx10-
DTA flexor-extensor coordination.
Anatomical Tracing of CINs
Isolated spinal cords from Chx10-DTA mice and wild-type littermates were
labeled with fluorescent dextrans along the ventral midline (n = 3/3) in L2 or lat-
eral to the midline (n = 4/4) in the entire lumbar enlargement (see Stokke et al.,
2002 for method). The preparations were incubated for 4–6 hr at room temper-
ature in oxygenated Ringer’s before fixation in 4% PFA for 1–2 hr at 4C. CINs
were counted across all laminae in at least three 20 mm sections for each an-
imal in L2 (formidline labeling) or in ventral spinal cord in at least ten 14 mmsec-
tions per animal for lateral labeling.
Figure 8. Positioning V2a Interneurons within the
Spinal Locomotor Network
Diagram shows the proposed connectivity of V2a interneu-
rons, based on the present findings and prior work. Inhibitory
neurons and synapses are depicted in blue, and excitatory
neurons and synapses in red. V2a neurons contribute to the lo-
comotor CPG network that ensures left-right alternation in
motor activity, and are proposed to project (‘‘1’’) to a dual in-
hibitory commissural system (‘‘2’’) that comprises two CIN
populations: (a) a set of glycinergic/GABAergic commissural
interneurons that inhibit directly contralateral MNs directly,
and (b) a set of excitatory commissural interneurons that in-
hibit MNs indirectly by acting on contralateral inhibitory inter-
neurons (IN) that include Renshaw cells (RC) (Nishimaru et al.,
2006; Quinlan and Kiehn, 2007). V2a interneurons do not pro-
vide input to the single excitatory pathway (‘‘4’’) which consists
of excitatory commissural interneurons that directly activate
contralateral MNs (Quinlan and Kiehn, 2007). Instead, the
CINe system responsible for left-right synchrony may be driven directly from the rhythm-generating core on the ipsilateral side (‘‘6’’). Possible connections of
CINs to rhythm-generating neurons on the contralateral side are indicated by dotted lines (‘‘3’’ and ‘‘5’’). Ipsilaterally, V2a interneurons receive excitatory input
(‘‘7’’) from rhythm-generating neurons of as yet unknown identity. The role of V2a interneurons in maintaining cycle-to-cycle constancy in the frequency and am-
plitude of locomotor burst patterns is indicated by weak connections to the rhythm-generating core (‘‘8’’) and to ipsilateral MNs (‘‘9’’), respectively. The role of V2a
interneurons in mediating neurally evoked locomotor activity is also indicated in the diagram (‘‘10,’’ ‘‘11’’). The rhythm-generating core is represented by a circle
with open-ended inhibitory and excitatory connections to ipsilateral MNs, to indicate that the structure of these networks is not known. The afferent pathways
through which dorsal root stimulation evokes crossed reflexes (Figure 5, see also Edgley et al., 2003) independent of V2a neurons are not shown in the Figure.
Vertical dotted line indicates midline. For details, see Discussion.Neuron 60, 70–83, October 9, 2008 ª2008 Elsevier Inc. 81
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L2/L3 dorsal roots were stimulated with suction electrodes attached to the
roots while simultaneously recording from L3 MNs on the other side of the
cord. Stimulus pulse duration was 100 ms and strength started at 5–10 mA.
The threshold (T) was determined as the lowest stimulus strength that gave
crossed response in MNs. MNs were identified visually in the intact spinal
cord by using a slice setup with differential interference contrast and by noting
their antidromic activation from the ventral root. Recordings from MNs were
made in voltage clamp (see Supplemental Data for details). Crossed re-
sponses were also tested with recordings (Butt and Kiehn, 2003) from L2/L3
ventral roots and reflexes recorded in all roots (see Supplemental Data).
V2a to CIN Connections
To reveal V2a-to-CIN connectivity in Chx10::CFP, Lhx3::Cre / -ROSA26::flox-
edYFP or Sox14::eGFPmice, CINs were retrogradely labeled with Neurobiotin
dextran or Rhodamine dextran. Sections were processed with antibodies
against YFP/GFP/CFP, vGlut2, and Evx (see Supplemental Data for details).
All sections were viewed in confocal microscopes using optical sections of
0.45–0.7 mm.
Neurally Elicited Locomotion
Sacral and thoracic afferents were stimulated at 150 mA–1.5 mA at 2–10 Hz in
5–60 s trains every 1–5 min using suction electrodes on S1 or T10 dorsal roots.
Locomotor activity was recorded in normal Ringer’s alone. The brainstem was
stimulated at 0.5–2 Hz and 0.5–10 mA with a suction electrode placed in the
midline in the lower brainstem similar to a manner previously described in
Zaporozhets et al. (2006).
SUPPLEMENTAL DATA
The Supplemental Data for this article contain Supplemental Experimental
Procedures and three figures and can be found online at http://www.neuron.
org/supplemental/S0896-6273(08)00677-6.
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